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Abstract. Currently, in steel erection work in Japan, the wireless steel erection method, which introduced
high-strength erection alignment devices to temporary column-to-column joints, is the mainstream method.
Due to the tendency for the critical pass to the welding process in order to shorten the construction process,
the range of steel frames in a temporary state will expand and its term will be prolonged. Consequently, the
importance of seismic safety considerations to temporary column joints grows because of the increased
probability of damage and the scale of earthquakes. This study proposes new methodology for evaluation of
strength of the temporary column joints with the special alignment devices using finite element (FE)
modeling which verifies the seismic safety of steel frames during erection. To this end, it implemented the
simulation study of pushover experiments of the temporary column joints (solid models) of square steel tube
columns, and the results such as the stress and deformation properties of each component were compared
with those calculated by the general conventional stress calculation method, and its validity was confirmed.

Keywords: FEM; seismic; steel structures; temporary column joints; under construction; wireless steel
erection method

1. Introduction

Steel frames for construction work must be safely erected to the required accuracy following
basic standards (American Institute of steel 2016, Architectural Institute of Japan 2018) and design
documents. In the erection of square steel tube columns, temporary column-to-column joints
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(hereinafter referred to as “temporary column joints”) occur, where upper steel columns are
temporarily fixed to lower steel columns. Both columns’ erection pieces are basically connected
with a splice plate and high-strength bolts. To ensure safety, several anti-tilting wires are stretched
between the top of the erected upper-tier steel column and the support point on the lower-tier floor.
The erection is aligned by loosening the high-strength bolts on the erection piece, loosening or
stretching the anti-tilting wires, and straightening the erection using a hydraulic jack or similar
device.

Currently, in Japan, the development of machine-fixed high-strength devices for aligning
erected columns (Technos co., Ltd 2024) (hereinafter referred to as “erection alignment devices”™)
is progressing. This device mechanically and simply fixes the erection pieces of upper and lower
steel columns and enables erection alignment with the upper and lower steel columns integrated
without tensioning anti-tilting wires (hereinafter referred to as the “wireless steel erection
method”). This method has become the mainstream method in steel frame construction in Japan
because it greatly improves work efficiency.

The advent of the wireless steel erection method has enhanced steel erection work efficiency.
However, welding work on columns is often a critical path in this method because of difficulty of
shortening welding process duration due to welder shortage and fluctuations in the amount of
welding per erection tier. Consequently, when prioritizing the construction period, the erection
work is further advanced before the welding of the lower section steel frame is completed; the area
of steel frames placed in a temporary state where welding is not completed becomes increasingly
larger and the duration of this temporary state of the erected steel frame also becomes longer. This
implies an increase in the seismic load borne by the temporary column joints, as well as an
increase in the probability of damage and the size of an earthquake in the steel frame. Therefore,
making seismic safety considerations of temporary column joints becomes increasingly very
important of steel erection.

Unlike completed buildings, there are no quantitative performance requirements or design
procedures specified in legislation or codes for seismic safety evaluation method of supporting
structures under construction. Thus, in the case of temporary column joints, as with other
temporary components, construction planners compare the short-term allowable stress (yield
strength) with the stress calculation results for each component of the temporary column joint
(erection alignment devices, erection pieces, and steel columns) as a general seismic safety
evaluation. Each of these stresses is calculated at the manual calculation level using a two-
dimensional bar model with simplified components and static horizontal loads for seismic forces.
This method minimizes the calculation workload, but it does not allow detailed evaluation of the
complex local deformations and stresses at the unrestrained ends of square steel tube columns,
etc., resulting in an inability to accurately determine “the components that determine the strength
of the temporary column joints” and “the seismic forces allowed in the calculation for evaluation”.

The integrated analysis of temporary column joints with the FE model is considered to be an
effective mean to solve this issue. The studies that have achieved results in numerical experiments
using FE model analysis in buildings include Suna et al. (2019) and Mizushima et al. (2016),
which focused on the structural frame of completed buildings, Cheng-Chih ef al. (2004) and Ting
et al. (1993), which focused on column-beam connections. With respect to finishing building
components, there are studies on testing and simulation modeling of integral ceilings (Lyu et al.
2019). For temporary components, there are modeling studies of tower crane mast joints (Ushio et
al.2019a, b).

Various types of temporary column joints applied during steel construction are available and
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Fig. 1 A steel frame erection alignment without erection alignment devices

these joints are different from the welding joints and bolting joints applied in permanent
connections. Most of the studies have focused on the development of erection alignment devices
for adjusting the erection of temporary column joints (Minami et al. 2022) or a comprehensive
steel erection management system that incorporates temporary column joints (Nishita ez al. 2004).
In a rare study that approached the strength and stiffness of temporary column connections using
FEM, Moriya et al. (2022) performed flexural shear tests of an erection piece welded to an
internally reinforced square steel tube column and compared the strength and stiffness with those
from finite element method (FEM) numerical experiments.

This study proposes new methodology for evaluation of strength of the temporary column
joints with the special alignment devices using finite element (FE) modeling which verifies the
seismic safety of steel frames during erection. To this end, it implemented the simulation study of
pushover experiments of the temporary column joints (solid models) of square steel tube columns,
and the results such as the stress and deformation properties of each component were compared
with those calculated by the general conventional stress calculation method, and its validity was
confirmed.

2. Background
2.1 Details of temporary column joints
Fig. 1 shows a steel frame erection alignment without erection alignment devices. Temporary

column joints are made by joining upper and lower steel column erection pieces using splice plates
and high-strength bolts. In addition, several anti-tilting wires are stretched between the top of the
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erected upper-tier steel column and the support point on the lower-tier floor. The upper steel
column is aligned by loosening the high-strength bolts on the erection piece and by loosening or
stretching the anti-tilting wires and using a hydraulic jack or similar devices.

Fig. 2 shows an example of a temporary column joint using devices for adjusting the insertion.
In the case of these devices, the rectangular ring of high-strength steel is set surrounding the
erection pieces of upper and lower columns, and the ring and erection pieces are fixed by frictional
and compressive forces by a wedge driven into the gap between the erection pieces and the ring.
Then, by tightening or loosening the adjusting bolts of the erection alignment devices, the
straightness or position of the upper steel column can be aligned while the upper and lower steel
columns and the erection alignment devices are still in one piece. In the case of erection alignment
devices developed by other manufacturers, there are some differences in the fixing method and
installation, but the configuration of the integration of the erection piece of the steel column with a
special device is the same; moreover, if the safety is confirmed by strength calculations, there is no
need to erect anti-tilting wires.
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As mentioned earlier, the emergence of wireless steel erection methods has spurred the
advancement of the steel erection process. In contrast, welding work has tended to be critical, and
the extent of steel frames in a temporary state becomes larger and the duration longer. Then, the
safety risks become higher in the wireless steel erection method than in the case without safety
devices (e.g., alignment wires) to prevent the collapse of the steel frame in the temporary state.
Thus, examining safety during this temporary state is important.

2.2 Conventional stress calculation methods

Conventional stress calculation methods involve replacing the erection alignment devices, the
erection pieces, and the steel columns that make up the temporary column joints with a simplified
structural model for each of them and calculating the stresses at a manual calculation level.

2.2.1 Structural model of a steel frame structure with temporary column joints

Fig. 3 shows a simplified structural modeling method of a steel frame in a temporary state for
conventional stress calculation methods. This is based on the steel erection of a 2-span x 2-span x
2-floor steel frame as a case study. In general, the seismic force used for stress calculations for
temporary structures is considered to be a static horizontal load of 20% of the vertical load to be
borne by the structure. If all the column temporary joints have the same specifications, the
cantilever model can be applied using the loading conditions of the central column temporary
joint, which has the greatest seismic load to bear because it bears the largest vertical load.

2.2.2 Calculation methods for each part of a temporary column joint

For conventional stress calculation methods, this section shows how to calculate the stress of
each component of temporary column joints.

Fig. 4 shows a simplified structural modeling and stress calculation method for an erection
piece. The forces acting on the erection piece (even forces) are calculated from the balancing
equation of the rotational moment in the structural model in Fig. 3. Then, the bending shear stress
is calculated.
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The tensile stress of the inserted alignment device can be calculated from the vertical load F on
the erection piece. Because such a device is generally made of ultra-high-strength materials, it is
rarely a component that determines the bearing capacity of the temporary column joints. However,
if it is evaluated, the tensile stress is the target.

Fig. 5 shows the main simplified structure modeling for a square steel tube column (made of
steel plate) with temporary column joints. The modeling differs depending on whether the force
(F) to the plate from the erection piece is considered to be a torsional shear force or an eccentric
moment. In addition, the determination of the stress-bearing width on the steel plate side by the
construction planner also greatly affects the calculation results.

3. Outline of numerical experiments
3.1 modeling of numerical experiments on temporary column joints

Fig. 6 shows the details of the steel frame subjected to FEM numerical experiments (seismic
force acting at a 90° direction horizontally). Table 1 shows the components and the material
properties of the numerical experiments. The purpose of the pushover experiment is to confirm
the stress change and deformation behavior of the temporary column joints by applying a rotating
moment due to horizontal loads simulating earthquake loads to the temporary column joints of
the square steel tube columns and to propose a method for evaluating the bearing capacity of
temporary column joints. The details are as follows.

* Numerical experiments assume a model where independent square steel tube columns
(700 x 700 x 22, L8, 800 mm), equivalent to the length of one tier of the column of a steel-
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framed office building under construction (Japan Building Disaster Prevention Association 2007),
are freestanding via temporary column joints and static horizontal loads simulating seismic forces
are applied to the midpoint (FL+5,400 mm) of the upper column length.

» Temporary column joints are placed between the lower and upper columns of the same cross-
section, rising 1,000 mm vertically from the concrete floor. Each of the four faces of the columns
is simulated as if it were fixed by the upper and lower erection pieces and the erection alignment
device.

* The temporary column joints of the columns are shown in Fig. 2.

* The steel tubular columns in the lower tier are fixed to the floor, and the floor is immovable
and rigid with sufficient strength.

* Fig. 7 shows the condition of the horizontal loading. The magnitude of the horizontal loading
is in the range of 0-250 kN, and the loading is divided into a total of 50 steps. Vertical loads such
as the dead weight of the member and working loads are not considered.

» The case of static loads acting at 90° and 45° directions horizontal to the square steel tube
column face is the subject of the experiment.

* Ansys LS-DYNA R11 (Rev.134719 [double precision version]) is used for numerical analysis.
(Livermore Software Technology Corporation 2015)

* All elements are modeled by Solid.

* In the bending and shear experiment simulation of the erection piece (Moriya ef al. (2022)), a
comparison study between the models with the mesh size of 2 mm and 5 mm was conducted, and
the results showed that the model with the 5 mm size elements is enough to calculate the accurate
stress and deformation:
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Table 1 Components and material properties of the numerical experiments
Mass density Young’s modulus Poisson’s Yield stress

Name of component Material

(ton/mmd) (N/mm?) ratio (N/mm?)
Steel tube column SM490  7.89 x 10° 2.06 x 10° 0.3 350.0
Erection piece SM490 7.89 x 10° 2.06 x 10° 0.3 350.0
Temporary devices to
support steel and adjust i o 5
them through positioning SCM440-H 7.82x 10 2.10x 10 0.3 835.0
and leveling
Bolt JISB1051 7.89 x 10° 2.06 x 10° 0.3 490
Wedge, other SM490 7.89 x 10° 2.06 x 10° 0.3 350.0
Pushing load
|1;\'| = The horizontal load shall be from 0 to 250 kN for [ 5.
N = The loading curve approximates the Heaviside function w
: _ ith a cubic polynomial using the following equation:
;_*'Il T L\'g:\.‘-.} )
100 TEP =4k b — ) (e=xs) | (. _. (x=x) ||
o STEL l o+ 1y ha) l.'\'-_—."..]| [‘; 2 (%, — %o) j
- - —— (X2 X)) (AEYEX)
R A e s L X, = 0.00 (). Xi= 100 (s). =0 (N b=
Loading Time 250 (kN
Relational expression between horizontal load and loading t

Fig. 7 Condition of the horizontal loading

» All materials are defined as bi-linear elastoplastic materials. Material properties are shown
in Table 1.

3.2 Devised points of the experimental model

Fig. 8 shows an overview of the modeling of the numerical experiments (pushover experiment).
As all the parts of the experiment body in Fig. 6 were reproduced with a solid model consisting of
elements of similar sizes, resulting in a huge amount of data and long computation time, the
dimensions, specifications, and geometry of the model were devised as follows.

» The model was not considered above FL+5,400 mm, which was the loading point and free
edge.

* The area of the square steel tube columns to be modeled with fine solid elements was limited
to the region of £0 to 2,125-mm FL, and the size of the solid was 5-10 mm per side; the area of
+2,125- to 5,400-mm FL was to be modeled as a bar member.

» The model of a complicated temporary device should be made to reproduce the shape as
accurately as possible. However, the model of the wedge part should be simplified, and the three
parts constituting the wedge part (with Important role in fixing with the erection piece) should be
rectangular bodies of the same shape and size with protrusions to prevent dislocation. The
coefficient of friction between the steel members was set to 0.1.

+ Bevels and backing plates for welds on the upper steel columns were excluded from the
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Fig. 8 Overview of the modeling of the numerical experiments (pushover experiment)

modeling, and the gap dimension between the upper and lower square steel tube columns was set
to 30 mm.

4. Results of the numerical experiments
4.1 Stress and deformation properties of temporary column joints

Figs. 9-10 show the von Mises stress contour plots (in Step 29 [P = 147.4 kN]) at 90° and 45°
horizontal pushover. The stresses on the steel plates of the square steel tube columns were highest
at the joints between the top and bottom edges of the upper and lower erection pieces at the A-side
and C-side, additionally they were highest at the two corners between the A-side and B-side and
between the C-side and D-side of the square steel tube columns at a 45° horizontal pushover.

In terms of deformation, at a 90° horizontal pushover, large inward deformation occurred at the
joints between the A-side and C-side columns and the erection piece. At a 45° horizontal
pushover, large inward deformation occurred at the joints between all columns and erection pieces.
The wedge parts of the erection alignment device were maintained without disassembling into
pieces.

Fig. 11 shows the stress changes of each part (the erection alignment device, erection pieces,
and steel plate of the square steel tube columns) of the A-side constituting the temporary column
joints for a 90° horizontal pushover. Each element reached yield stress (the short-term allowable
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stress specified in the Japanese standards) at Steps 1040 for the erection piece, Steps 18-42 for
the square steel tube column, and Steps 32-44 for the entry alignment device. The results of this
graph and the contour plots (Figs. 9-10) show that the elements of the erection piece and square
steel tube columns started to reach yield stress much earlier than the erection alignment fixture.
And it is also found that the model of this jig could be simplified (e.g., a bar model) because
horizontal slippage did not occur in the wedge section.

4.2 Proposed method for calculating the allowable loading force of temporary column joints

The strength of the temporary column joint means the load step that the temporary column joint
can withstand (allowable loading step).
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A temporary column joint of the square steel tube column consisted of four upper and lower
steel skim plates (eight skim plates) of the columns, which were connected by erection pieces
(eight pieces) and a built-in alignment device (four devices) to bear the vertical and horizontal
loads. Therefore, if any one load capacity of these 20 parts (eight plates + eight pieces + four
devices) was lost, the original structural safety function of the temporary column joint could not be
maintained. In other words, the allowable load step of the temporary column joint is the load step
at which the weakest component reaches the short-term allowable stress (yield strength).

(1) Method for determining the allowable loading step at the yielding of an erection piece (Fig.

12)

The FEM contour stress diagram for the step where the first FEM element of the subjected
erection piece reaches yield strength (Step E1) is shown in Fig. 12(a), and the FEM contour stress
diagram at the step where the erection piece is in a full plastic state (Step E) is shown in Fig.
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12(b). According to these diagrams, the stress fracture line of the erection piece is considered as
shown in Fig. 12(c). The graph of the V-M stress—loading step of representative elements (Ea to
Ec) on the stress fracture line is shown in Fig. 12(d).

The step where the erection piece reached its yield strength was considered to exist between
Step E; and Step E,. This midpoint step (Step Es) was evaluated as the step of “the allowable
loading force at the erection piece yielding.” The allowable loading step of the other seven pieces’
yielding can be determined in the same way.

(2) Method for determining the allowable loading step at the yielding of a device for erection
alignment (Fig. 13)

Fig. 13(a) shows the FEM contour stress diagram for the step where the first FEM element of
the target device reaches yield strength (Step D1), and Fig. 13(b) shows the FEM contour stress
diagram for the final loading step of the device (Step 43). The stress fracture line of the device,
which was important for the support relationship with the erection piece, was unknown because
the device had high yield strength and did not enter a plastic state under the experimental loading
conditions. Representative elements (Fig. 13(c), D-—Dg) with fast stress increase against load were
selected, and the stress—loading step graph is shown in Fig. 13(d).

Essentially, in the same way as in the previous step (1), the “allowable loading step at the
erection alignment device yielding” was evaluated at the midpoint step (Step D3) between Step D,
and Step D, where the erection adjustment device was in a total plastic state. In the case of this
fixture, Step D2 was unknown, but it was considered to be larger than the midpoint step of Step D
and Step 43. The allowable loading step of the other three devices could be determined in the same
way.

(3) Method for determining the allowable loading step at steel skin plate yielding in square
steel tube columns (Fig. 14)

The FEM contour stress diagram at the step where the first element of the steel plate of the
subjected square steel tube column reaches yield strength (Step S1) is shown in Fig. 14(a), and the
FEM contour stress diagram at the step where the subjected steel plate is in a full plastic state with
respect to the support performance of the element piece (Step S) is shown in Fig. 14(b). The stress
fracture line is considered to be as shown in Fig. 14(c). The V-M stress—loading step graph of the
typical elements on the stress fracture line (Sato Se) is shown in Fig. 14(d).

The step where the subjected steel plate reached yield strength was between Step S; and Step
S,. This midpoint step (Step Ss) was evaluated as the step of “the allowable loading force at the
subjected steel plate yielding.” The same method could be used to determine the allowable loading
step at the steel plate yielding of the other seven plates.

(4) Method for determining the allowable loading step of a temporary column joint

Based on the methods described in (1) to (3) above, the loading step of a temporary column
joint when the 20 parts (eight surfaces + eight pieces + four devices) reach yield strength were
calculated, and the lowest value was the allowable loading force of a temporary column joint. It
was not necessary to calculate the allowable loading step of the temporary column joint when its
parts were known to be sufficiently high in advance from stress contour drawings, among others
(e.g., devices for adjusting installation).

4.3 Examples of the allowable loading step Calculations for Temporary Column Joints

For a case study, the allowable loading step of temporary column joints were determined
following the methods described in Section 4.3.
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Fig. 14 Method for determining the allowable loading step at steel skin plate yielding in the square steel tube
columns

Table 2 Parts subjected to the allowable loading step determination of the temporary column joint

Horizontal 90° pushover 45°
Parts A-Side B-Side C-Side D-Side A-Side
Upper Lower  Upper Lower Upper Lower Upper Lower  Lower
Erection piece ° ° — — ° ° — — )
Surface of the
steel tube column * N N ° * N N *
Device — — — — —
Note:®- - - Target of analysis; — - - -not subject to calculation

Table 2 shows the parts subjected to the allowable loading force calculations of the temporary
column joints. The B-side and D-side parts of these square tube column faces that were not on the
compression or tension side, as well as the alignment device, were excluded from the calculation,
considering the loading direction and yield strength of the parts. In addition, the bearing capacity
of temporary column joints under 45° horizontal loading was higher than that under 90° horizontal
loading, so this was not a critical case. Therefore, two parts were included in the calculation for
reference.

Fig. 15 shows the stress variation by loading steps of the subjected parts.

Table 3 shows the loading step when each part reaches yield strength.
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Fig. 15 Stress variation by loading steps of the subjected part 2
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Fig. 15 Continued

Table 3 Loading step when each part reaches yield strength

Horizontal 90° pushover 45°
Parts A-Side B-Side C-Side D-Side A-Side
Upper Lower  Upper Lower Upper Lower Upper Lower Lower
Erection piece Step 24  Step 26 — — Step2l1 Step20.5% — — Step 23
Surface of the s . . - -
steel tube column Step 23.5% Step 24 Step 23 Step 23 Step 25

Device — —

Note:® - - - Target of analysis; — - - -not subject to calculation

Table 3 shows that the first part to reach yield strength is the lower column erection piece at the

C-Side (Step 20.5: T=4.1 (s), P=91.7 (kN)), and 91.7 kN is the allowable loading force of the
temporary column joint.
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Table 4 Comparison of the results of the conventional stress calculation method (see Figs. 3-5) and the FEM
method

Parts Erection piece Square steel column

Method Convenience This anvenlence method . This

method method Set as torsional Set as an eccentric method
shear force moment

A yield step Step 22 Step 20.5 Step 12 Step 23 Step 23

Time (s) 0.44 0.41 0.24 0.46 0.46

Load (kN) 103 91.7 36.3 110 110
Supplementary e ————————— The deformation of the steel columa

explanﬂ[ioﬂ erection piece'! (The d: n amount (mm) of L!}E

square steel tube column’s surface™)
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Fig. 16 graph of the load-deformation (relative displacement) at the representative points

Table 4 compares the results of the conventional stress calculation method (see Figs. 3-5) and
the FEM method. There is no significant difference between the results of the conventional
calculation method and this method for the loading step where the erection piece reaches yield
strength. The conventional calculation of the erection piece is a theoretical solution by a simple
cantilever beam (Fig. 4), which supports the validity of the present method. For the loading step
where the steel plates of steel tube columns reach yield strength, among the conventional stress
calculation methods, the eccentric moment method does not differ significantly from the present
FEM method, but the torsional shear method does not make much difference. The torsional shear
method is considered excessively safe.

4.4 Evaluation of deformation

Fig. 16 superposes the graph showing the loading steps-deformation (relative displacement) at
the representative points (maximum deformation) of the erection piece (90°, C-side and upper) and
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the steel plate (90°, C-side and upper) , on the graph showing the loading steps and the stresses of
the main elements which also identifies the steps of the first element reaching to yield stress, the
last element reaching yield stress and the average. Since the deformation amount at the allowable
loading step is small and no significant deformation is observed, it can be concluded that the
strength of the temporary column joint is determined by the stress conditions.

5. Conclusions

This study proposed new methodology for evaluating the strength of temporary column joints
using finite element (FE) modeling to evaluate the seismic safety. The modeling was conducted as
follows,

» The FEM model consisted of a solid element portion, which was 1 m above and below the
column splice, and a beam element (one-dimensional) portion.

* The complex devices for aligning the erected columns should be modeled by reproducing
their shape in as much detail as possible, but the wedge part should be a simplified model where
each contact surface transmits only compressive force.

Pushover experiments were conducted on temporary column joints (solid model) of 700 x 700 x
22 square steel tube columns to confirm the stress and deformation of each component, and to
compare the results with those of general conventional stress calculation methods.

» The stresses on the steel plate face of the square steel tube column were the greatest at the
upper and lower ends of the joint between the upper and lower erection pieces and the column
plates in the case of the 90° horizontal pushover and at the compressive and tensile corners of the
steel tube column (two corners) in addition in the case of the 45° horizontal pushover.

* In the 90° horizontal pushover, large inward deformation occurred at the joints between the
column plate and the erection piece on the compression side and the tension side of the column. In
the 45° direction pushover, large inward deformation occurred at all joints between the column
plate and the erection piece.

» The elements of the erection piece and the square tube columns began to reach yield stress
considerably earlier than erection alignment devices. The fact that no horizontal slip occurred at
the wedge that secures the element piece in the jig indicates that a simplified model (e.g., a bar
model) can be used for this erection alignment devices.

* A method was proposed to determine the allowable loading step of the temporary column
joints (the load applied to the point where the joint components reached the short-term allowable
stress [yield strength]) using the stress fracture lines and stress-load step curves of the contour
diagram of each part of the temporary column joints of square steel tube columns. The lowest of
these values was the allowable loading step of the temporary column joints.

* The results of the calculation of the allowable loading force of the joint when the erection
piece yielded using the proposed method were not significantly different from the results obtained
using the conventional calculation method. The conventional calculation of the erection piece is a
theoretical solution by a simple cantilever beam (Fig. 4), which supports the validity of the present
method.

* There was little difference in the results between the proposed method and the conventional
eccentric moment method, but the difference was very large when comparing the results of the
proposed method with those of the torsional shear method. The torsional shear method is
considered excessively safe.
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It is expected and confirmed that this study will contribute to more accurate and efficient
seismic safety assessment for the steel erection, which trends to expand area and period of the steel
frames under temporary state by using the special temporary column joints with alignment
devices.
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